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sluggish rate compared to those conducted with homogeneous catalysts. The slowness of reaction rates are due to diffusion problems ensuing from the activities of heterogeneous media such as a threephase system [14] . Waste marble (WM) materials are found dumped indiscriminately at many construction sites and in some instances used as landfill. Huge amounts of waste marble from repositories and marble cutting industries are being produced and to reduce cost of disposal as well asof the consequent environmental hazards, its full utilization as catalyst in transesterification is significant. The potential of this low cost material (WM) as a source of CaO and its enhancement with barium metal to produce biodiesel from crude jatropha oil has not been explored and pose a riveting challenge. In this work, it is reported that waste marble embellished with barium as a solid catalyst can be used in transesterifi cation of high FFA crude jatropha oil in one stage at the reflux temperature of methanol into biodiesel. The efficiency of barium/waste marble solid catalyst under mild reaction conditions was explored and investigated. Effects of parameters on the content of fatty acid methyl esters (FAME) such as: reaction time, molar ratio of oilto methanol, catalyst concentration and reaction temperature were studied. Furthermore, the possibility of catalyst reuse was evaluated. Sdn., Butterworths, Penang, Malaysia. The fatty acid profile of the oil contains variable amounts of palmitic (14.3%), stearic (7.0%), oleic (44.7%), and linoleic (33.0%) fatty acids. Waste marble (CaO source) were collected from various retail tiles shop, Penang. Barium nitrate (Ba(NO3)2 ≈ 99%) obtained from Merck was used to meliorate the waste marble. Analytical reagent grade 99.9% methanol (High Performance Liquid Chromatography grade) purchased from Merck (Malaysia) was used for the transesterification reactions. Other chemicals used in the experiment such as analytical grade NH4OH (≈ 85%) and n-hexane (96%) used as solvent for gas chromatography (GC) analysis was obtained from Merck, Malaysia. Methyl heptadecanoate ≈ 99.5% used as internal standard for GC analysis was purchased from Fluka, Malaysia. These reagents were used without further purification for catalyst synthesis and the transesterification of crude jatropha oil.
MATERIALS AND METHODS MATERIALS AND METHODS MATERIALS AND METHODS MATERIALS AND METHODS

Catalyst preparation
Catalyst preparation Catalyst preparation Catalyst preparation The waste marble, collected from various retail tile shops were washed to remove debris. The cleaned marble was crushed to fine powder using mortar and pestle and sieved to obtain size range of 125-250 microns. Based on 100 g of catalyst preparation, 95 g of fine waste marble powder was oven dried at 120 °C for 2 h to remove adhered moisture and volatiles. The dried powder was transferred into precipitated barium hydroxide from its nitrate solution using 5 M NH4OH. Prior to this, 5% BaNO3 dissolved in 50 mL distilled water was stirred on a magnetic plate until completely dissolved. The mixture was stirred continuously for 6 h until homogenized slurry paste was formed. The wet slurry was allowed to dry in a crucible and calcined at 830 °C for 4 h to obtain an active oxide material, except otherwise stated, designated as Ba/WM catalyst and was employed immediately for transesterification reaction.
Catalyst characterization
Catalyst characterization Catalyst characterization Catalyst characterization Ba/WM was characterized to understand its physical and chemical properties. The BET surface area was calculated using the ASAP Micromeritics 2020 using Brunauer-Emmett-Teller (BET) at approximately 77 K nitrogen dosed on the catalyst surface in a bath of liquid nitrogen, relative pressure of 0.99 bar and the total pore volume was evaluated. Energy dispersive Xray spectrophotometer (EDX) was measured for the sample mounted on the microscope using Philips XL30S model SEM. The sample was placed on the carbon tape on the aluminum stub and coated with gold. The sample was then vacuumed for 20 minutes before an analysis. SEM analysis was carried out to identify the surface morphology of the catalyst. Fourier Transform Infrared Spectrophotometer (FTIR) was used to identify the functional group of the catalyst. FTIR Spectroscope (Perkin Elmer FTIR-2000, US) was used to measure absorption of various infrared light wavelengths emitted by the sample. Sample was ground and diluted with 0.1 wt% potassium bromide (KBr) prior to analysis.
The catalyzed transesterification reaction
The catalyzed transesterification reaction The catalyzed transesterification reaction The catalyzed transesterification reaction procedure procedure procedure procedure The transesterification reaction was carried out using the crude jatropha oil (CJO) as purchased. The oil and methanol were measured according to the desired ratio and were then charged into the glass reactor containing 3.99 g catalyst (equivalent to 5.0 wt % catalyst loading weight of oil and methanol/CJO ratio of 15:1). The temperature of the reaction was controlled at 65 °C using PID (Proportional Integral Derivative) controllerand was stirred at 1000 rpm for 4 h. Three of the important parameters (reaction time, catalyst loading and methanol to oil ratio) were varied during transesterification reaction at constant temperature. At the end of the experiment, the reactor was allowed to cool and its content was poured into a glass bottle. Two distinct layers were formed after allowing the content of the bottle to settle. The top and bottom layers represent fatty acid methyl ester (FAME) and glycerol, respectively. The product in the glass bottle was allowed to settle overnight. The top layer was further centrifuged at 3000 Xg for 15 minutes after which the top layer was analyzed using the gas chromatography.
Product analysis
Product analysis Product analysis Product analysis The centrifuged sample was then analyzed using Shimadzu GC-2010 plus with Flame Ionization Detector (FID), equipped with Nukol capillary column of 15 m x 0.5 mm x 0.5 µm. The carrier gas that was used was Helium. Each sample was carried out by dissolving 20 µl of FAME into 250 µl of methyl hepadecanoate which was used as the internal standard. 1µl of the prepared sample was then injected into the GC and FAME yield was calculated. The yield is defined as the ratio of the weight of methyl esters determined by GC, to the weight of vegetable oil used as shown in Eq. 1. Yield = (Weight of methyl ester, W1) / (Weight of oil used, W2) x 100% (1) 2.6 2.6 2.6 2.6 Catalyst reusability Catalyst reusability Catalyst reusability Catalyst reusability The reusability of the Ba/WM solid catalayst, which represents its capacity to perform the same catalytic activity was evaluated by conducting several experimental runs after the first batch at the conditions obtained for highest FAME yield. The solid catalyst after the first reaction was recovered and washed with n-hexane to remove any residue adhered to the surface of the catalyst. The washed catalyst was then dried and filtered for 12 h. The catalyst was then used for second and third consecutive runs to obtain FAME using CJO. All experiments were conducted in one stage process. The prolonged use of the catalyst to evaluate the significance and the feasibility of the catalyst for industrial application was studied. The potential ofCaO as a solid catalyst in transesterification of vegetable oils to methyl esters was reported by [15] . The addition of Ba in the present work was to increase the stability of WM. Initial experiment revealed high amount of active sites leaching due to impurities in the WM samples. In previous studies, high leaching was reported when pure CaO or supported CaO was used although high
Nigerian Journal of Technology, FAME content was obtained [16, 17] attributed to the homogeneous contribution of the CaO catalyst during transesterification due to leaching of active phase in the medium. The modification with barium helped to stabilize the activity of CaO using high free fatty acid (FFA) CJO. The morphology and composition of Ba/WM were investigated by SEM and SEM-EDX analyses. Fig.1shows the SEM micrograph after the enhancement process indicating that there exists only crystals of CaO and BaO, and there is no bulk metal formed in observable size outside the catalyst composite crystals. The method used for the preparation of catalyst (incipient wetness impregnation) does not cause any observable defects in its structure as supported by XRD results. There are few clusters observed in the catalyst which consist of Ba particles. The particle the Ba compound are hardly observed due to the small amount used during preparation to spice the WM which indicates that the small particles of the Ba compound are homogeneously dispersed. Fig. 2 [16, 17] . The reason is attributed to the homogeneous contribution of the CaO catalyst during transesterification due to leaching of active phase in the medium. The modification with ilize the activity of CaO using The morphology and investigated by SEM and shows the SEM micrograph after the enhancement process indicating that there CaO and BaO, and there is no bulk metal formed in observable size outside the 1: Scanning electron micrograph (SEM) image of the calcined waste marble (magnification = 5000x) after treatment with C for 4 h
The method used for the preparation of catalyst (incipient wetness impregnation) does not cause any observable defects in its structure as supported by XRD results. There are few clusters observed in the catalyst which consist of Ba particles. The particles of the Ba compound are hardly observed due to the small amount used during preparation to spice the WM which indicates that the small particles of the Bacompound are homogeneously dispersed. Influence of reaction temperature on CJO conversion to FAME during transesterification conversion to FAME during transesterification conversion to FAME during transesterification conversion to FAME during transesterification
One of the variables affecting the triglyceride conversion to ester during transesterification is the reaction temperature. The temperature for the present study was set at constant value of 65 °C. A higher reaction temperature can decrease the viscosities of oils and results in an increased reaction rate at relatively short time [18] . A decrease in product yield could occur at high reaction temperature because saponification reaction of triglycerides is speeded at high reaction temperatures. Usually, methanolysis of vegetable oil is investigated close to the boiling point of methanol in order to ensure that the alcohol will not leak out through vaporization. The reaction carried out at methanol reflux temperature could be very interesting for industrial scale production because of the energy savings that it would imply [19] . In this present work, the methanolysis of CJO was studied with waste marble spiced with barium as solid catalyst at temperature of 65 o C. The methanol to oil molar ratio in the range of 5:1 to 20:1 was used for all experiment. The ester formed reached 70.36% at 4 h reaction time showing the effect of temperature on ester formation. At such a low temperature for high FFA feedstock from the economical point of view will allow the reduction of process costs. The low conversion observed is attributed to waste marble consisting mainly ofCaOand other impurities after enhancement with barium and thermal treatment at 830 °C for 4 h. Calcium oxide exhibits strong basicity because of the presence of surface oxygen ions that attract protons readily and it also exhibits weak Lewis basicity, which is ascribed to Ca 2+ ions [20] . The methanol to oil molar ratio is one of the main factors affecting the yield of FAME. Theoretically, the reaction requires 3 mol of alcohol for 1 mol of triglyceride to produce 3 mol of fatty acid ester and 1 mol of glycerolaccording to equation (1) . However, an excess of alcohol is used to ensure complete conversion and to drive the reaction forward at faster rate. This is because the excess will enable the reacting phases to overcome mass transfer barriers. In the present investigation, Ba/WMcatalyst was used at molar ratio range 5:1 to 20:1 and reaction temperature of 65 °C using CJO. Fig. 3 shows the FAME content obtained at constant reaction time of 4 h for all the experiments carried out. It was observed the ester yield increased as the methanol to oil molar ratio is raised beyond 5 and reaches a maximum. A decrease in ester yield was observed with further increase in the amount of alcohol beyond 15. Thus, all other experiments were performed with a molar ratio 15:1 to avoid adding to the cost of separation. At this condition a methyl ester conversion of 70.36% was obtained. This result is similar to those found in the literature [12] . Although at higher molar ratio, more triglyceride will be reacted, however, an excess of methanol will interfere with the glycerin separation because of increase in solubility and part of glycerin remained in the methyl ester phase. Therefore the molar ratio of 15:1 seems to be the most appropriate. The catalyst concentration was investigated during the transesterification of crude jatropha oil. Fig. 4 shows the yield of FAME content obtained at different catalyst loading range 2.0-8.0 wt %. The triglyceride conversion increased with increasing the catalyst concentration. As can be observed, at Ba/WM catalyst loading of 5 wt% the ester yield achieved was 70.36% during 4 h of reaction. The addition of excess amount of catalyst beyond this value gives rise to the formation of an emulsion and leads to the formation of gel. Also, this effect will hinder the glycerin separation, facilitate dilution of methyl ester and consequently a decrease of ester yield was observed. The observed trend is due to the high acidity of the oil with FFA value of 7.24%. The fact is in accordance with the Encinar et al., (2007) when there is a large free fatty acid content, the addition of more alkaline catalyst compensates the acidity in the oil and avoids catalyst deactivation However, addition of an excessive amount of catalyst gives rise to the formation of an emulsion, which increases the viscosity and leads to the formation of gels [22] . The more catalyst used during the process will increase the complexity of separation and cost of production. Thus, this study revealed that transesterification reaction of high FFA CJO is favoured by low loading of catalyst to avoid emulsion and the optimum catalyst loading obtained for this reaction was 5.0 wt%. The addition of excess amount of catalyst beyond this to the formation of an emulsion and leads to the formation of gel. Also, this effect will hinder the glycerin separation, facilitate dilution of methyl ester and consequently a decrease of ester yield was observed. The observed trend is due to the dity of the oil with FFA value of 7.24%. The in accordance with the Encinar et al., (2007) when there is a large free fatty acid content, the addition of more alkaline catalyst compensates the acidity in the oil and avoids catalyst deactivation [21] . However, addition of an excessive amount of catalyst gives rise to the formation of an emulsion, which increases the viscosity and leads to the formation of . The more catalyst used during the process will increase the complexity of separation of product and cost of production. Thus, this study revealed that transesterification reaction of high FFA CJO is favoured by low loading of catalyst to avoid emulsion and the optimum catalyst loading obtained for this Reaction time is significant operating parameters which determine the energy costs of biodiesel production process. Fig. 5 shows the effect of reaction of CJO at a constant catalyst loading of 5 wt %, methanol to oil molar ratio of 15:1, and C. The reaction was studied within a time range of time 1-5 h using CJO Transesterification is a reversible reaction and require a longer time to reach its equilibrium state. It was observed that high FAME yield was obtained at 65 ºC when the reaction time increased beyond 3 h. The reaction was observed to increase steadily w increasing time to reach a maximum value above 70% FAME within 4 h. Several researchers reported that the conversion of vegetable oils to FAME was achieved at different reaction times which depend on the composition of the feedstock and the reaction conditions [23] . The initial low conversion obtained in the first 1 h could be attributed to slow mass transfer during heterogeneous reaction. Transesterification is a reversible reaction and require a longer time to reach its equilibrium state. It was observed that high FAME yield was obtained at 65 ºC when the reaction time increased beyond 3 h. The reaction was observed to increase steadily with increasing time to reach a maximum value above 70% FAME within 4 h. Several researchers reported that the conversion of vegetable oils to FAME was achieved at different reaction times which depend on the composition of the feedstock and the reaction The initial low conversion obtained in the first 1 h could be attributed to slow mass transfer during heterogeneous reaction.
Effect of water and FFA contents in the Effect of water and FFA contents in the Effect of water and FFA contents in the Effect of water and FFA contents in the The water and FFA contents are critical factors during transesterification reaction. It has been reported that transesterification would not occur if FFA content in [24] . The presence of water gives greater negative effect than that of FFAs because water can cause soap formation and frothing which can cause increase in viscosity [25] . In addition formation of gels and foams hinders the separation of glycerol from product ester [26] . The quality of oil is expressed in terms of the physicochemical properties such as acid value and saponification value. The saponification value of CJO was reported as 193.6 mg KOH/g. The acid value of CJO employed was found to be 14.47 mg KOH/g oil corresponding to a free fatty
The moisture content of CJO used in this work is high with a value of 3.28%.This may lead to degradation of the fatty materials by hydrolysis during transesterification reaction rendering the product material poor in stability. Acid catalysts are generally considered to be more tolerant of the water and high FFA levels in low-cost feedstock compared to base catalyst due to a lack of saponification. Refaat, (2011) reported that when water concentration in oil was below 0.5 wt% at 80 o C there was almost no effect on the FAME yield [27] . However, when water concentration in oil was above 0.5 wt%, the FAME yield linearly decreased. It was reported that hydrogen ion could bind to water molecules more effectively than to methanol, resulting in a weaker acid. Furthermore, with the increase in water concentration in the reaction system, the waterrich clusters around the hydrogen ion also increased. It could inhibit the catalyst from coming into contact with the hydrophobic oil molecules to a greater extent, which would slow down the reaction rate. The effectiveness of Ba/WM was shown in its ability to overcome the high moisture content and high FFA. Future work intends to improve on the activity of the catalyst to enhance methyl ester yield.
3.2.6 3.2.6 3.2.6 3.2.6 Reusability Reusability Reusability Reusability
The stability and economic potential of Ba/WM catalyst was assessed by the reusability experiments carried using CJO. The catalyst was filtered and it was repeatedly used for FAME synthesis in a new reaction cycle after washing with mixture of hexane and methanol to remove adhered oil and glycerol from the catalyst surface. The conditions at which the highest FAME was obtained were used, that is, 5 wt% catalyst loading, 15:1 methanol to oil ratio and 4 h reaction time. The consistency in the obtained results after three consecutive cycles indicate the stability role of barium in the Ba/WM catalyst with 62.25%, 57.40% and 55.07% of FAME yield.This clearly showed that the reusability of the solid catalyst showed there was a strong interaction between barium and waste marble(source of CaO) that promotes the catalyst stability.
CONCLUSIONS CONCLUSIONS CONCLUSIONS CONCLUSIONS
The activity of a derived solid catalyst from waste marble in heterogeneous transesterification of high FFA CJO using one stage process under mild reaction conditions was investigated. The catalyst was able to produce FAME content over 70% at 4 h reaction time using 5 wt % catalyst loading, methanol/oil ratio of 15:1 and at a constant reaction temperature of 65 o C. The performance and stability of the catalyst was attributed to the enhanced waste marble with barium which resulted into a catalytic active crystalline phase (CaBaSiO4) as revealed by characterization results. This has contributed to the catalyst stability during transesterification by preventing distortion to the composite structure and reduced leaching. The catalyst can be reused up to three cycles with consistent FAME yield and seem promising for the methanolysis of crude jatropha oil in one stage process. The catalyst provides effective utilization of waste for conversion of non-edible oil to useful product in an economically and environmentally benign process that will encourage the growth of indigenous industries.
